Our previous studies have demonstrated the hypertonic-induced expression of osmotic stress transcription factor and the regulatory volume increase (RVI) response in gill cells isolated from freshwater eels. In this study, we aimed to clone one of the organic osmolyte transporters, the Na + -Cl --taurine transporter (TauT), and to characterize its expression in anisosmotic conditions, using both in vivo and in vitro approaches. A cDNA clone encoding TauT was isolated from gill tissues of Japanese eels, Anguilla japonica. The deduced amino acid sequence shows 88-90% identity to other reported piscine TauT sequences. Our data indicated that TauT mRNA was detectable in both freshwater and seawater fish gills. The expression level of TauT mRNA increased in gills of seawater-acclimating fish. A high abundance of TauT protein was found to be localized in seawater gill chloride cells. Using primary gill cell culture, expression of the gene was induced when the ambient osmolarity was raised from 320 to 500 mosmol l 
INTRODUCTION
Cell volume regulation is a fundamental and highly conserved cellular process that is found in all living cells (Chamberlin and Strange, 1989; Lang et al., 1998b; Lang et al., 1998a) . This regulation is not only important in defining intracellular osmolarity and cell shape but also crucial in guiding many cellular functions, including transepithelial transport, cellular metabolism and cell migration (Haussinger, 1996; Haussinger, 1998; Lang et al., 1998a; Lang et al., 1998b) . When cells are exposed to anisosmotic conditions, a complex osmosensing system, including (i) the cytoskeleton, (ii) intracellular ionic strength/macromolecular crowding, and (iii) cell membrane potential, integrates different signalling pathways and links specific effectors to avoid excessive alterations of cell volume (Lang et al., 1998a; Wehner et al., 2003) . Cytoskeleton signalling is important in osmosensing as cell swelling and shrinkage are known to affect cytoskeleton architecture (Lang et al., 1998a) . The hyperosmotic-induced reorganization of the cytoskeleton is also known to involve small GTP-binding proteins, myosin light chain (MLC) phosphorylation and concomitantly activation of the Na
-cotransporter (NKCC) (Klein and O'Neill, 1995; O'Donnell et al., 1995; Eggermont, 2003) . Subsequently, volume effectors such as organic osmolyte-producing enzymes and transporters are involved to maintain cell volume (Wehner et al., 2003; Yancey, 2005) . Taurine is one of the most common compatible organic osmolytes used by cells. It is transported into cells via the Na + -Cl --taurine transporter (TauT), which is found in both mammalian and fish tissues (Burg et al., 2007; Fugelli and Thoroed, 1990; Han et al., 2006; Yancey, 2005) .
Euryhaline fish are naturally exposed to water of changing salinity. During seawater acclimation, a transient increase in plasma osmolarity caused shrinkage of red blood cells in trout (Brauner et al., 2002) . The drinking response in seawater-acclimating eels also induced cell shrinkage in intestinal epithelial cells (Ando et al., 2003; Lionetto et al., 2001) . Under the same circumstances, it is anticipated that the fish gill epithelium, which is in direct contact with the surrounding water, should experience large osmotic fluctuations. Although the physiological functions of fish gills in osmoregulation have been extensively studied, very little is known about the osmosensing-coupled responses in fish gill cells. In the present study we cloned the organic osmolyte transporter TauT and characterized its expression in anisosmotic conditions, using both in vivo and in vitro approaches. In addition, the effects of organic osmolytes and cytoskeleton-disrupting agents on the expression of TauT in gill cells incubated in hyperosmotic conditions were examined. Since cytoskeleton remodelling could be involved in mechanosensing and signal transduction (Ingber, 2006) , the possible roles of the major cytoskeleton regulator Rho kinase and the downstream mediator MLC kinase in TauT expression were investigated.
MATERIALS AND METHODS

Cloning of eel TauT cDNA
Purified gill RNA with an A 260 /A 280 ratio of 1.8-2.0 was used. Briefly, 0.5 μg of total cellular RNA was reverse transcribed (iScript, Bio-Rad, Hercules, CA, USA). Degenerative primers for TauT were designed on the basis of the TauT cDNAs of Salmo salar (NCBI accession number NM_001139800.1), Cyprinus carpio (AB_006986.1), Danio rerio (NM_001037661.1) and Oreochromis mossambicus (AB_033497.1) (supplementary material Fig. S1A ). The 3Ј and 5Ј ends of the target sequence were amplified using gene-specific primers, according to the DNA sequences obtained from the PCR products that were amplified by the degenerative primers and 3Ј and 5Ј RACE kits (Gibco, Invitrogen, Carlsbad, CA, USA). PCR products were resolved by electrophoresis in a 2% agarose gel and gel purified (QIAEX II agarose gel extraction kit, Qiagen, Crawley, West Sussex, UK), then cloned into pCR ® II TOPO ® (Invitrogen) for DNA sequencing (TechDragon, Hong Kong).
Animals and gill cell isolation
Japanese eels (Anguilla japonica, Temminck and Schlegel 1847) weighing between 500 and 600 g were reared in fibreglass tanks supplied with charcoal-filtered aerated tap water at 18-20°C under a 12 h L:12 h D photoperiod for at least 3 weeks. The freshwateradapted fish (N=24) were then transferred directly to seawater tanks. Freshwater-to-freshwater control transfer experiments (N=12) were conducted. The transferred fish (on days 1, 3 and 7) were sampled (4-6 fish for each time point). The fish were anaesthetized and perfused with phosphate-buffered saline (PBS, pH 7.7) to remove blood cells from gills. Gill arches were excised and some gill filaments were directly dissolved in Trizol solution for total RNA extraction or fixed in 4% paraformaldehyde (PFA, Sigma, St Louis, MO, USA) for immunohistochemistry. Other gill tissues were cut into small fragments and were subjected to two cycles of tryptic digestion (0.5% trypsin+5.3 mmol l -1 EDTA) for the establishment of primary gill cell culture as previously described (Tse et al., 2007; Tse et al., 2008) . After tryptic digestion, the cell suspension was filtered and washed. The cells were resuspended in Leibovitz's L-15 medium (Gibco, Invitrogen) supplemented with 5% fetal bovine serum (Hyclone ® , Perbio, Atley Way, Carmlington, UK), 1% penicillium/streptomycin and 1% gentamycin (Gibco, Invitrogen) , and seeded at a density of 2ϫ10 6 cells cm -2 on collagen-coated culture plates. The cells were incubated at 22°C in a growth chamber with a humidified air atmosphere.
Experiments on the primary gill cell culture
One day after seeding, each culture well was rinsed with PBS to remove mucous and unattached cells. The cells were then exposed to either hypertonic or hypotonic medium, with or without drug treatment. A hypertonic medium was prepared by the addition of either (i) membrane non-permeable solute (75 mmol l -1 NaCl, Sigma) or (ii) membrane permeable solute (128 mmol l -1 urea or 75 mmol l . A hypotonic solution was made by the addition of water to achieve an osmolarity of 150 mosmol l -1 . To eliminate the possible effect of nutrient dilution on the cellular response in the hypotonic medium, a supplementary control experiment was conducted. An additional isotonic solution (320 mosmol l -l ) was prepared by the addition of 75 mmol l -1 of NaCl to the hypotonic medium. The osmolarity of the prepared medium was measured by a vapour pressure osmometer (Wescor, 5500XR, Logan, UT, USA). For some experiments, the cells were cotreated with actinomycin D (Act D, 1 μmol l -1 ; Calbiochem, San Diego, CA, USA) to determine whether the effect was transcriptionally dependent. To test whether gene induction by hypertonicity can be modulated by organic osmolytes, the cultured cells were exposed to media containing high NaCl (final osmolarity of 500 mosmol l -1 ) with or without the addition of 5 mmol l -1 inositol, betaine or taurine (Sigma). To test the involvement of the cytoskeleton in hypertonicinduced TauT expression, the hypertonic-exposed cells were cotreated with colchicine (100 μmol l -1 ) or cytochalasin D (2 μmol l -1 ) (both Calbiochem). The involvement of Rho signalling and MLC phosphorylation in the regulation of TauT expression was tested by incubation of the hypertonic-treated cells with inhibitors of Rho kinase (10 μmol l -1 of Y-27632) and MLC kinase (50 μmol l -1 of ML-7) (both Calbiochem), respectively. After 6 h of incubation, total RNA was extracted for measurement of TauT and GAPDH mRNA levels.
Immunocytochemical staining
Paraformaldehyde-fixed gill sections were dewaxed, rehydrated in graded ethanol, and rinsed in PBS. The staining procedure involved pretreatment of tissue sections with 10% normal goat serum in PBS to reduce non-specific staining, followed by 1 h incubation at room temperature with rabbit anti-taurine transporter antiserum (1:250, Chemicon, Millipore, Temecula, CA, USA), and 1 h incubation with the Alexa Fluor ® 488 goat anti-rabbit antibody (1:200, Molecular Probes, Invitrogen). The slides were mounted in a fluorescent mounting medium (Dako, Glostrup, Denmark) and were examined by laser confocal microscopy (Olympus Fluoview FV1000, Tokyo, Japan). The slides were washed 3ϫ15 min in PBS after each antiserum application. The control procedure included the application of non-immune rabbit serum (Sigma).
F-actin visualization in the primary gill cell culture
Primary gill cell cultures were treated in isotonic or hypertonic medium for 30 min. The cells were fixed for 30 min in isotonic or hypertonic medium supplemented with 4% PFA. The cells were permeabilized with 0.1% Triton X-100 in PBS for 20 min. For the detection of F-actin, the permeabilized cells were incubated with rhodamine-labelled phalloidin (1:200, Molecular Probes, Invitrogen) for 1h at room temperature. The cells were washed in PBS for 10min and the staining was visualized using the confocal microscope.
Real-time PCR analysis
Purified sample RNA with an A 260 /A 280 ratio of 1.8-2.0 was used. Briefly, 0.5 μg of total cellular RNA was reversed transcribed (iScript). PCR reactions were conducted with the iCycler iQ realtime PCR detection system using iQ TM SYBR ® Green Supermix (Bio-Rad). Gene-specific primers for TauT (CTTTGTGTCTG G -CTTCGCAATAT forward, GGGGTAGGCAATGAAGGCTAG reverse) and GAPDH (GCGCCAGCCAGAACATCATC forward, CGTTAAGCTCGGGGATGACC reverse) (Tse et al., 2008) were used. The copy number of the transcripts for each sample was calculated with reference to the parallel amplification of known concentrations of the respective cloned PCR fragments. Standard curves were constructed and the amplification efficiencies for TauT and GAPDH were 0.93 and 0.96, respectively. The occurrence of primer-dimers and secondary products was inspected using melting curve analysis. Our data indicated that the amplification was specific. There was only one PCR product amplified for each individual set of primers. Control amplification was done either without reverse transcriptase or without RNA. The relative expression ratio of TauT/GAPDH was calculated according to the method described by Pfaffl (Pfaffl, 2001) :
where E=10 (-1/slope) and CT is cycle threshold. The calculated E values were 1.92 for TauT and 1.95 for GAPDH. The regulation of eel TAUT expression
Western blot analysis
Samples were subjected to electrophoresis in 10% polyacrylamide gels. The gels were then blotted onto PVDF membranes (PerkinElmer Life Sciences, Foster City, CA, USA). Western blotting was conducted using the rabbit anti-taurine transporter antibody (1:1000), followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit antibody (1:4000). Specific bands were visualized using chemiluminescent reagent (Westernlightening Plus, PerkinElmer Life Sciences). The blots were then washed in PBS and re-probed with mouse anti-actin serum (1:100; JLA20, Developmental Studies Hybridoma Bank, the University of Iowa, USA).
Statistical analysis
Drug treatments were performed in triplicate in each experiment and every experiment was repeated at least three times. All data are represented as means ± s.e.m. Statistical significance was assessed with Student's t-test or one-way analysis of variance (ANOVA) followed by Duncan's multiple range tests. Groups were considered significantly different if P<0.05.
RESULTS
Cloning and characterization of eel TauT cDNA
The open reading frame of eel TauT cDNA is 1875 bp in length, coding for 624 amino acids and with a TGA stop codon (supplementary material Fig. S1B ). Multiple sequence alignment with similar DNA sequences and proteins was conducted using BLAST (NCBI). The cloned sequence shows 82-86% DNA sequence identity and 88-90% amino acid sequence homology to those of Salmo salar (NM_001139800.1), Cyprinus carpio (AB_006986.1), Danio rerio (NM_001037661.1) and Oreochromis mossambicus (AB_033497.1) (supplementary material Fig. S1C) . A protein hydrophobicity plot (Kyte and Doolittle, 1982) of the clone revealed 12 transmembrane domains.
The induction of gill TauT mRNA expression in fish transferred from freshwater to seawater conditions
To investigate whether TauT is involved in seawater acclimation, we determined the change of TauT mRNA expression levels in gills of seawater-acclimating fish. A significant induction of TauT transcript levels was observed at 24 h after seawater transfer, and levels increased gradually until day 7 (Fig. 1A) . No noticeable change in TauT mRNA was observed in the freshwater-to-freshwater transfer experiments. Western blot data showed an increase of TauT protein expression in seawater fish gills (Fig. 1B, upper panel) . Immunocytochemical staining of gill sections revealed the localization of TauT protein in seawater chloride cells (Fig.1B, lower  panel) .
Regulation of TauT mRNA expression in primary freshwater gill cell culture
A primary gill cell model was used to investigate the underlying regulatory mechanism for TauT expression. Hypertonic treatment (500 mosmol l -1
) of the cells, using a non-permeable solute (i.e. NaCl), caused a significant increase of TauT transcript levels ( Fig. 2A) . Treatment of the cells with permeable solutes (i.e. urea and mannitol) had no noticeable effect on the expression levels of TauT mRNA. This observation suggests that an increase of intracellular ion strength was associated with the induction of TauT expression. The activation of TauT expression was found to be transcriptionally regulated, as revealed by treatment with Act D (Fig. 2B) . Conversely, hypotonic treatment of the cells caused a significant reduction of TauT transcript levels (Fig. 2C, upper  panel) . Since the hypotonic solution was prepared by the dilution of the control isotonic medium with water, the possible side effect of nutrient dilution on the cellular response could not be neglected. Hence a supplementary control experiment was conducted. An additional isotonic solution (320 mosmol l -1 ) was prepared by the addition of 75 mmol l -1 NaCl to the hypotonic medium. Our data indicated that the side effect of nutrient dilution on TauT expression was not significant (Fig. 2C, lower panel) .
An elevation of intracellular levels of osmolytes is important to relieve the volume perturbation induced by hyperosmotic challenge, and the induction of TauT expression is one of the effectors responsible for regulatory volume increase (RVI) in animal cells (Wehner et al., 2003) . In this regard, we investigated whether a supply of exogenous organic osmolytes would attenuate hypertonic stress-induced TauT expression. Our data indicated that the addition of inositol significantly reduced hypertonic-elicited TauT expression while betaine or taurine treatment had no obvious effect (Fig. 2D) .
Effect of the cytoskeleton and its associated regulators on hypertonic-induced TauT expression in primary freshwater gill cell culture
To investigate the possible involvement of the cytoskeleton and its associated regulators, we determined the effects of inhibitors on hypertonic-induced TauT expression in the cells. Fig. 3A shows that hypertonic treatment caused an increase in F-actin at the cell periphery. Co-treatment of the hypertonic-treated cells with either colchicine or cytochalasin D significantly reduced the induction of TauT mRNA expression (Fig. 3B,C) . Our data indicated that coincubation of the hypertonic-treated cells with the specific inhibitor of MLC kinase ML-7 had a significant additive effect on the increase in TauT expression (Fig. 3D) . No significant effect was observed for co-treatment with the Rho-kinase inhibitor Y-27632 (Fig. 3E) .
DISCUSSION
Mammalian cells respond to volume perturbations by the activation of osmotic stress-induced signalling cascades. This can modulate the transport of inorganic and organic osmolytes, leading to the processes of RVI or regulatory volume decrease (RVD) (Lang et al., 1998a; Strange, 2004; Wehner et al., 2003) . Usually, a shortterm cell volume perturbation triggers mainly changes in inorganic osmolyte transport. If the perturbation is extended to longer periods, changes in organic osmolyte synthesis and transport occur to alter the intracellular organic osmolyte composition (Wehner et al., 2003) . The effector mechanisms responsible for RVI and RVD in animal cells are generally well known. However, major gaps exist in our understanding of how animal cells detect volume perturbations and elicit the corresponding volume regulatory mechanism. In this study, we cloned the cDNA that encodes the osmolyte transporter TauT from gill tissues of Japanese eels. The eel TauT showed high nucleotide and amino acid sequence homologies with TauT cloned in other fish species (i.e. salmon, carp, zebrafish and tilapia). The purpose of the cloning was to provide a molecular tool for our subsequent experiments, to identify the involvement and to investigate the regulatory mechanism of TauT expression in fish gill cells. Our data indicated that the TauT mRNA was detectable in both freshwater and seawater fish gills. Seawater-acclimation experiments revealed an increased expression of TauT. Interestingly a high abundance of TauT protein was found to be localized in seawater gill chloride cells. Since the expression of TauT and the accumulation of organic osmolytes in seawater chloride cells can reduce the perturbing effect of high ionic strength in the intracellular compartment (Yancey, 2005) , this observation supports the salt excretory role of the cells in the seawater environment (Evans, 2008) . The observation from the transfer study was consistently supported by the data from the primary gill cell culture, in which hypertonic treatment increased the transcription of the gene. Additionally the activation of TauT expression was induced only in cells incubated with hypertonic solution prepared by NaCl, but not in the solution prepared using urea or mannitol. This observation implies that the activation of TauT gene transcription is necessary to increase the intracellular concentration of organic osmolytes in gill cells. This assumption is supported by a recent microarray study monitoring gene expression in gills of goby fish exposed to hyperosmotic stress (Evans and Somero, 2008) . Their study indicated the upregulation of osmolyteproducing enzyme mRNA at 4-12 h following hyperosmotic exposure. To further elucidate this relationship in our study, the hypertonic-treated cells were co-incubated with a particular organic osmolyte (i.e. betaine, taurine or inositol). This treatment presumably can facilitate the uptake of organic osmolytes and reduce the hypertonic stress imposed on the cells. Surprisingly, incubation of the cells with betaine or taurine had no effect on hypertonic-induced TauT expression. However, incubation with inositol significantly reduced the induction of TauT mRNA expression. This differs from the study of Ostf expression in the same cell model, where all three organic osmolytes were found to suppress hypertonic-induced Ostf expression (Tse et al., 2008) . The substrates for TauT are reported to include betaine, taurine, γ-aminobutyrate and glycine (Nelson and Lill, 1994; Uhl and Johnson, 1994) . The data suggest that in the hypertonicinduced response, another organic osmolyte transporter, Na + /myoinositol transporter (SMIT), was also involved to relieve the increase in intracellular ionic strength. Since SMIT is able to accumulate inositol in the cells, the addition of inositol to the medium can substitute for taurine to alleviate the hypertonic stress in the cells (Hoffmann et al., 2009) . Nevertheless, our data demonstrate that hyperosmotic treatment induced TauT expression in gill cells in both in vivo and in vitro studies.
It is well known that hyperosmotic challenge causes cell shrinkage and affects the cell cytoskeleton (Pedersen et al., 2001) . Our previous study demonstrated hypertonic-induced cell shrinkage, RVI and the expression of Ostf (Tse et al., 2007; Tse et al., 2008) . In this study, using immunocytochemical staining, our data indicate that hypertonic treatment induced an increase in F-actin staining at the periphery of the hypertonic-treated gill cells. It has been reported that the reorganization of the cytoskeleton in cells after osmotic volume perturbation may exert protective roles (Di Ciano et al., 2002; Ebner et al., 2005; Pedersen et al., 1999) and contribute to volumedependent mechanosensing and signal transduction (Ingber, 2006) . Based on this finding, we decided to test the involvement of the cytoskeleton and its associated signalling system in hypertonicinduced TauT expression. Treatment of the cells with colchicine or cytochalasin D disrupted cytoskeleton reorganization, and this was accompanied by a significant decrease in TauT expression. A similar observation was reported in MDCK cells in which cytoskeleton disruption inhibited hypertonic-induced betaine transporter expression (Bricker et al., 2003) . In the mammalian model, it is well known that hypertonic-induced actin organization is associated with the activation of the Rho family of small G proteins, and an increased phosphorylation of MLC in a variety of cell types Ciano-Oliveira et al., 2005; Hall, 1998; Takai et al., 2001) . The phosphorylation of MLC can be mediated by MLC kinase and/or Rho kinase (Ciano-Oliveira et al., 2005; Ciano-Oliveira et al., 2003; Krarup et al., 1998; Klein and O'Neill, 1995) . MLC phosphorylation is also found to be important in shrinkage-induced NKCC activation (Hoffmann and Pedersen, 2007) , which plays a major role in RVI. Accordingly, inhibition of the Rho pathway and/or phosphorylation of MLC may reduce the activity of NKCC and therefore exaggerate the hyperosmotic stress to the cells. If this hypothesis is valid, an inhibition of the Rho pathway or MLC phosphorylation may elicit further hypertonic stress in the cells and, consequently, further induction of the expression of TauT. To validate this hypothesis, we tested the system with the inhibitors of Rho kinase (Y-27632) and MLC kinase (ML-7) under hypertonic conditions. Treatment with ML-7 imposed a significant additive effect on hypertonic-induced TauT expression. This observation is consistent with the mammalian system and mirrors the finding of the study by Lionetto and coworkers, where the hypertonicity-induced bumetanide-sensitive response in eel intestinal epithelium was inhibited by treatment with ML-7 (Lionetto et al., 2002) . Collectively the data support the role of MLC kinase in mediating the hypertonic response in fish cells. No observable effect on hypertonic-induced TauT expression was detected following co-treatment with Y-27632.
In summary, we are the first to demonstrate the involvement and the regulation of the organic osmolyte transporter TauT in both in vivo and in vitro fish gill models. The roles of cellular ionic strength, the cytoskeleton and MLC kinase in TauT expression are highlighted. This study provides information for a better understanding of the de novo osmoregulatory functions of fish gills. 
